voltage-gated sodium channels (VGSCs) by preferentially interacting with slowinactivated sodium channels but the observation that LCM binds to collapsin response mediator protein 2 (CRMP-2) suggests additional mechanisms of action for LCM. We postulated that CRMP-2 levels affects LCM's actions on VGSCs. CRMP-2 labeling by LCM analogs was competitively displaced by excess LCM in rat brain lysates. Manipulation of CRMP-2 levels in the neuronal model system CAD cells affected slow inactivation of VGSCs without any effects on other voltage-dependent properties. In silico docking was performed to identify putative binding sites in CRMP-2 that may modulate LCM's effects on VGSCs. These studies identified five cavities in CRMP-2 that can accommodate LCM.
The anti-epileptic drug (R)-lacosamide [(2R)-2-(acetylamino)-N-benzyl-3-methoxypropanamide; LCM] modulates
voltage-gated sodium channels (VGSCs) by preferentially interacting with slowinactivated sodium channels but the observation that LCM binds to collapsin response mediator protein 2 (CRMP-2) suggests additional mechanisms of action for LCM. We postulated that CRMP-2 levels affects LCM's actions on VGSCs. CRMP-2 labeling by LCM analogs was competitively displaced by excess LCM in rat brain lysates. Manipulation of CRMP-2 levels in the neuronal model system CAD cells affected slow inactivation of VGSCs without any effects on other voltage-dependent properties. In silico docking was performed to identify putative binding sites in CRMP-2 that may modulate LCM's effects on VGSCs. These studies identified five cavities in CRMP-2 that can accommodate LCM.
CRMP-2 alanine mutants of key residues within these cavities were functionally similar to wildtype CRMP-2 as assessed by similar levels of enhancement in dendritic complexity of cortical neurons. Next, we examined effects of expression of wildtype and mutant CRMP-2 constructs on voltage-sensitive properties of VGSCs in CAD cells: (1) steady-state voltage dependent activation and fast-inactivation properties were not affected by LCM, (2) CRMP-2 single alanine mutants reduced the LCM mediated effects on the ability of endogenous Na + channels to transition to a slow inactivated state, and (3) a quintuplicate CRMP-2 alanine mutant further decreased this slow-inactivated fraction. Collectively, these results identify key CRMP-2 residues that can coordinate LCM binding thus making it more effective on its primary clinical target.
The novel antiepileptic drug (R)-N-benzyl 2-acetamido-3-methoxypropionamide (1) (LCM 1 , Vimpat ® ) has been recently approved in the US and Europe for adjunctive treatment of partialonset seizures in adults (2) (3) (4) , and can be effective in cases of refractory epilepsy (5). Experimental Page | 2 data suggest two modes of action. Electrophysiology experiments in neuroblastoma cells proposed that lacosamide selectively enhanced sodium channel slow inactivation in a time-and voltage-dependent manner without affecting fast inactivation (6) . Lacosamide shifted the slow inactivation voltage curve to more hyperpolarized potentials and enhanced the maximal fraction of channels that were slowly inactivated. The slow inactivation process by lacosamide was stereoselective, with only the (R)-stereoisomer being active. We also recently showed that lacosamide seems to enhance slow inactivation of voltage-gated Na + currents, a pharmacological action relevant in the hyperexcitable neuron (7) . If true, lacosamide would be the only known antiepileptic agent to selectively modulate this property; however this mechanism needs to be validated. This ability to preferentially block the electrical activity of neurons that are chronically depolarized compared with those at more normal resting potentials sets LCM apart from classical VGSC-targeted antiepileptic drugs such as carbamazepine, phenytoin, and lamotrigine (7) . In addition, protein pulldown assays and a combined chemical-proteomics approach have provided evidence that lacosamide interacts with collapsin response mediator protein 2 (CRMP-2), an axonal growth and guidance protein (8;9) .
The role of CRMP-2 in lacosamide's action(s) is not known.
CRMPs (also known as UNC-33-like proteins (Ulip), dyhydropyriminidase-related protein (DRP), TOAD (turned on after division) and TUC (TOAD/Ulip/DRP)), are a family of five intracellular phosphoproteins implicated in neurite outgrowth and axonal guidance (10) (11) (12) . While highest during development, in the adult CRMP-2 is also expressed in brain regions capable of axonal outgrowth, neurogenesis, and synaptic rearrangements (12) . Such rearrangements of synaptic connectivity and aberrant neuronal growth have been observed in epilepsy (13) . At least two studies have reported altered CRMP-2 levels in epilepsy. The first showed a decrease in CRMP-2 levels in brains from patients with mesial temporal lobe epilepsy that was refractory to treatment (14) . The second reported decreased CRMP-2 levels in thalamuses of mice with absence seizures (15) . However, the mechanism by which CRMP-2 contributes to the pathophysiology of epilepsy is unclear. One hypothesis is that LCM, by binding to CRMP-2, may prevent the aberrant synaptic connectivity and/or rearrangements seen in epilepsy.
In addition to these classically defined roles, we recently showed that CRMP-2 binds to voltage-gated calcium channels and directly affects transmitter release in dorsal root ganglion (16) and hippocampal neurons (17;18) , suggesting the possibility that CRMP-2 may modulate the activity of other ion channels. In particular, since initial reports of weak binding at the Na + channel site 2 (i.e., [ 10 μM] = 25% inhibition of [ 3 H] batrachotoxin binding), it is becoming increasingly clear that LCM's primary clinical target is the VGSC (6;7).
Nine distinct VGSC isoforms (Nav1.1-1.9) have been identified whose heteromultimeric structure consists of a single pore forming α-subunit (~240 kD) arranged in six transmembrane segments (S1-S6) within four domains (19;20) . Studies have suggested that alteration of the slow inactivated state, through interactions with S6 regions of VGSCs, could be clinically relevant in limiting the activity of neurons with abnormal activity. Both increases and decreases in levels of CNS enriched Nav1.2, 1.3, and 1.6 (as well as cardiac Nav1.5) isoforms have been reported following experimental seizures in animals and in human chronic epilepsy (21) (22) (23) . Thus, changes in expression levels of lacosamide target proteins may have disease modifying effects. For instance, a decrease in CRMP-2 coupled with an alteration in Na + channel isoform expression may necessitate changes in dosages required for antiepileptic effects.
In this study, we used whole-cell patchclamp electrophysiology to investigate how LCM's molecular interaction with CRMP-2 affects biophysical properties of VGSCs in a model neuronal cell line. In addition, using molecular modeling of LCM binding sites on CRMP-2 and expression of alanine mutations of these sites, we studied the effects of LCM on slow-inactivation of VGSCs. We identify key residues within CRMP-2 which, when mutated, alter LCM's effects on the fraction of Na Page | 3 channels stabilized in a slow inactivated state. Thus, our results show that interactions between LCM and its target proteins are important determinants of its full mode of action.
EXPERIMENTAL PROCEDURES
Chemicals and Solutions. All reagents were purchased from Sigma (St. Louis, MO) unless otherwise indicated. Lacosamide (R-2-acetamido-N-benzyl-3-methoxypropionamide) was purchased from Cayman Chemicals (Ann Arbor, MI) or synthesized as described by us previously (1) . A 100 mM solution was made up in MPL (1-methyl-2-pyrrolidinone) and stored in small aliquots at -20ºC.
The final concentration of MPL in physiological solutions was less than 0.01% (v/v). Lacosamide was applied onto the cells through a custom made Y-tube micro-perfusion system. A concentration of 100 µM LCM was used because it (1) represents less than 2 times the reported therapeutic plasma levels (~60 μM (8)), (2) is exactly the concentration used in N1E-115 mouse neuroblastoma cells (6) , (3) is ~1.7-fold the reported value for half-maximal inhibition of spontaneous excitatory postsynaptic currents and inhibitory postsynaptic currents (24), and (4) is within the linear part of the dose response curve testing for effects of LCM on inactivation of two isoforms of Na + channels expressed in human embryonic kidney 293 cells (7) .
Catecholamine A differentiated (CAD) cells. CAD cells were grown at 37°C and in 5% CO 2 (Sarstedt, Newton, NC) in Ham's F12/EMEM medium (GIBCO, Grand Island, NY), supplemented with 8% fetal bovine serum (FBS; Sigma, St. Louis, MO) and 1% penicillin/streptomycin (100% stocks, 10,000U/ml penicillin G sodium and 10,000 µg/ml streptomycin sulfate) (25) . Cells were passaged every 6-7 days at a 1:25 dilution.
Transfection. Adherent CAD cell cultures were transfected with cDNAs using Lipofectamine 2000 (Invitrogen) as per the manufacturer's instructions. We routinely achieved >90% transfection efficiencies in CAD cells transfected with this method. Typically, CAD cells were transfected with equal amounts of different cDNA constructs and electrophysiology experiments performed two days later. (26) and controls (scrambled sequence with approximately the same percentage of GC but no sequence homology) were used for CRMP-2 knockdown (Invitrogen, Carlsbad, CA) in CAD cells as previously described (16;17) . Cells were incubated for 2 days with vector-siRNA or scramble siRNA (500 nM) and assessment of knock-down was by quantitative Western blot analysis.
Molecular Docking.
The three-dimensional structure of CRMP-2 was obtained from the RCSB databank (PDB code: 2GSE) (27) . The Sybyl 8.0 suite of programs was used to extract a monomer from the CRMP-2 tetrameric structure. Sybyl was also to used protonate the structure and to assign Gasteiger atomic charges. The AutoDock 4 molecular docking package (28) was used to predict the binding site and binding mode of lacosamide on the CRMP-2 complex. The MGLTools (v1.5.2) (29) was used to assign Gasteiger charges to the protein and to generate the structural file for docking. The binding box spanned the entire structure of CRMP-2. Affinity grids on the binding pocket were constructed using AutoGrid4 (28) with grid spacing of 0.375 Å. The structure of lacosamide was constructed and prepared for docking with the program Sybyl (Tripos Inc., St. Louis, MO). A combination of rigid receptor and flexible ligand protocol was used in the docking process using AutoDock. Compound conformational space was explored employing the Lamarckian genetic algorithm. The maximum number of energy calculations was set to 1,000,000. We carried out a total of 100 docking runs of lacosamide on the surface of CRMP-2. Final docked structures were visualized and analyzed using Sybyl 8.0 and PyMol version 1.0. Images were rendered using PyMol.
Cloning LCM binding CRMP-2 mutants.
Mutagenic primers were designed to introduce the correct base pair change into CRMP-2 (Accession NM_009955.2) using Vector NTI Advance 10 (Invitrogen, Carlsbad, CA, USA (20 min) . The modified lysates were sequentially treated with rhodamine-azide (Rho-N 3 ) (50 µM), TCEP (1 mM), TBTA (100 µM) and CuSO 4 (1 mM). Samples were then shaken and allowed to rotate using Roto-shake (8 rpm, Scientific Industries Inc., Model No. SI-1100, Bohemia, NY) at room temperature (1 h).
Proteins were separated by 10% SDS-PAGE after addition of 4 SDS-PAGE loading buffer and visualized by ingel fluorescence using a typhoon 9400 scanner (GE Healthcare/Amersham Bioscience) with excitation at 555 nm and detection at 580 nm.
Immunoblot analysis. This was performed as described previously (16;17) . Briefly, CAD cells were lysed in RIPA lysis buffer containing 50 mM Tris-HCl, pH8, 1% nonidet P-40 (NP-40/Igepal), 150 mM NaCl, 0.5% Na deoxycholate, and 1 mM EDTA, and supplemented with freshly added protease inhibitors: 1 µg/ml leupeptin, 2 µg/ml aprotinin, 1 mM PMSF (Sigma) together with a protease inhibitor cocktail (Roche Applied Science, Laval, Quebec). After rotating for 30 min at 4ºC to facilitate lysis, cells were pelleted at 21,000 x g for 10 min at 4ºC. Primary Cortical Neuronal Cultures. Primary cortical cultures containing both glia and neurons were prepared from embryonic day 18 (E18) Sprague-Dawley rats as described (32) . Following an aseptic dissection of cerebral cortices, the olfactory bulb and meninges were removed, and cortices were minced and incubated for 20-25 min at 37ºC in Papain solution (12 U/ml; Worthington, Freehold, NJ) containing Leibovitz's L-15 medium (Invitrogen), 0.42 mg/ml cysteine (Sigma), 250U/ml DNase 1 (type IV; Sigma), 25 mM NaHCO 3 , penicillin (50 U/ml)/streptomycin (50 µg/ml), 1 mM sodium pyruvate, and 1 mg/ml glucose (Invitrogen). The enzymatically dissociated tissue was then rinsed twice with Hank's balanced salt solution (HBSS) lacking Ca 2+ and Mg 2+ . After dissociation, the cells were gently washed by sequential centrifugation in Neurobasal Page | 5 medium containing either 2 mg/ml or 20 mg/ml BSA and Pen/Strep, glucose, pyruvate, and DNase1 (as above) and then plated on poly-Dlysine-coated plates at a density of ~2 hemispheres per three 24-well plates (or 2 million cells/ml). Cells were fed twice a week with Neurobasal growth medium (500 µl/well) containing 2% NuSerum, 2% B27 (or 2% NS21 (33)), supplemented with penicillin/streptomycin (100 U/ml; 50 µg/ml), 0.1 mM L-Glutamine and 0.4 mM L-glutamax (Invitrogen) and at DIV 3-5 they were treated with the mitotic inhibitor 5-Fluorodeoxyuridine/uridine 20 μg/ml; Sigma, St. Louis, MO, USA) to eliminate the dividing glia from the cultures.
Neuronal media was supplemented every 2 days following Fluorodeoxyuridine/uridine treatment. The cultures were used for Sholl analysis measurements at 5 DIV.
Sholl Analysis of Dendritic Complexity.
The complexity of dendrites emanating from lowdensity cortical neurons, transfected with EGFP or wild type/mutant CRMP-2-EGFP was assessed by Sholl analysis. This analysis was performed with ImageJ using an automated Sholl analysis plugin, in which the soma boundary is approximated by an ellipsoid and dendrite intersections are assessed at radial distances from the soma (34). The dendritic tree was examined in 10 µm increments. Processes arising from the soma or from higherorder dendritic segments that were shorter than 3 µm were rejected, because they could not be distinguished from filopodia.
Electrophysiology. Whole-cell voltage clamp recordings were performed at room temperature on CAD cells using an EPC 10 Amplifier (HEKA Electronics, Germany). Electrodes were pulled from thin-walled borosilicate glass capillaries (Warner Instruments, Hamden, CT) with a P-97 electrode puller (Sutter Instrument, Novato, CA) such that final electrode resistances were 1-2 MΩ when filled with internal solutions. The internal solution for recording Na + currents contained (in mM): 110 CsCl, 5 MgSO 4 , 10 EGTA, 4 ATP Na 2 -ATP, and 25 HEPES (pH 7.2, 290-310 mOsm/l). The external solution contained (in mM): 100 NaCl, 10 tetraethylammonium chloride (TEA-Cl), 1 CaCl 2 , 1 CdCl 2 , 1 MgCl 2 , 10 D-glucose, 4 4-AP, 0.1 NiCl 2 , 10 HEPES (pH 7.3, 310-315 mOsm/l). Whole-cell capacitance and series resistance were compensated with the amplifier. Series resistance error was always compensated to be less than ± 3 mV. Cells were considered only when the seal resistance less than 3 MΩ. Linear leak currents were digitally subtracted by P/4. Data Acquisition and Analysis. Signals were filtered at 10 kHz and digitized at 10-20 kHz. Analysis was performed using Fitmaster and origin8.1 (OriginLab Corporation, MA, USA). For activation curves, conductance (G) through Na + channels was calculated using the equation G= I/(V m −V rev ), where V rev is the reversal potential, V m is the membrane potential at which the current was recorded and I is the peak current. Activation and inactivation curves were fitted to a single-phase Boltzmann function G/G max = 1/{1+exp[(V-V 50 )/k]}, where G is the peak conductance, G max is the fitted maximal G, V 50 is the half-activation voltage, and k is the slope factor.
Additional details of specific pulse protocols are described in the results text or figure legends.
Statistical Analyses. Differences between means were compared by either paired or unpaired twotailed Student's t-tests or an analysis of variance (ANOVA) when comparing multiple groups (repeated measures whenever possible). With the ANOVA, if a significant difference is determined, then a Dunnett's or Tukey's post-hoc test was performed. Data is expressed as mean±S.E.M, with p<0.05 considered as the level of significance.
RESULTS

LCM binds to CRMP-2 in rat brain lysate.
Although lacosamide has been suggested to bind to CRMP-2 in a radioligand binding assay (8) , a site of interaction has never been identified. Using a chemically modified lacosamide harboring "affinity bait" (AB) and "chemical reporter" (CR) moieties, we recently demonstrated lacosamide AB&CR labeling of expressed as well as endogenous CRMP-2 in mouse brain lysate (9) . Here, we tested if lacosamide AB&CR adduction could be competed off using excess (R)-lacosamide. Adult rat brain lysates were treated Page | 6 with AB (isothiocynate (NCS))-CR (alkyne) lacosamide for 20 min at room temperature in the absence or presence of increasing amounts of (R)-lacosamide, and the lysate mixture was reacted with a rhodamine-containing probe under Cu(I)-mediated cycloaddition conditions (CuSO 4 , tris(2-carboxyethyl)phosphine (TCEP)). The reaction samples were fractionated by electrophoresis using a 10% SDS−PAGE gel and then analyzed for proteins labeled by the AB&CR agents by in-gel fluorescence using a typhoon scanning laser (emission 532 nm, absorption 580 nm) (Fig. 1A) . This strategy resulted in labeling of a ~62 kD protein, consistent with the predicted molecular weight of CRMP-2 (10) (Fig. 1A, lane 1) . This intensity of this band was significantly reduced upon titration of (R)-lacosamide ( 
LCM affects Na
+ currents in CAD cells. Having demonstrated LCM adduction of CRMP-2, we next tested if manipulations of CRMP-2 expression in CAD cells could alter LCM's effects on its primary clinical target -VGSCs. Using the whole-cell patch clamp configuration, the effects of LCM on VGSCs in the presence of overexpressed CRMP-2 were examined. CAD cells were chosen because (1) they provide a background easily amenable to genetic manipulation, (2) are of neuronal origin, and (3) express endogenous tetrodotoxin-sensitive Na + currents (25) . Current-voltage relationships in control (EGFP, enhanced green fluorescent protein) or CRMP-2-EGFP expressing CAD cells were examined by the application of 15-ms step depolarizations ranging from -70 mV to +80 mV (in +10 mV increments) from a holding potential of -80 mV ( Fig. 2A) . The transient inward current in CAD cells activated between -40 and -30 mV and reached its peak at 0 to +10 mV (Supplemental Fig. S1 ).
Peak inward Na + currents were measured and expressed as peak current density (pA/pF) to account for variations in cell size. Control EGFP-expressing CAD cells exhibited a peak current density of -42.8 ± 4.7 pA/pF (n=6), whereas CRMP-2-EGFP-expressing CAD cells had a density of -51.5 ± 3.6 pA/pF (n=8). The peak densities were not significantly different (p=0.16, Student's t-test). The endogenous Na + currents in control EGFP-expressing CAD cells were fully blocked by 100 nM TTX (data not shown). Application of 100 µM LCM resulted in a 20-40% reduction in peak Na + current observed in EGFP and CRMP-2-EGFP expressing cells. Inhibition of Na + currents was not accompanied by changes in reversal potential, half-maximal activation and slope parameters (see Fig. 5 ) for either transfected condition in the presence or absence of LCM. These results show that CAD cells express typical TTX-sensitive VGSCs that are sensitive to LCM.
CRMP-2 over-expression does not affect steadystate fast inactivation.
To test the ability of overexpressed CRMP-2 to affect fast inactivation in the absence or presence of LCM, we used a protocol (see Fig. 6 ) designed to accumulate channels in a fast-inactivated state, as previously described (6) . Cells were held at -80 mV, stepped to inactivating prepulse potentials ranging from -120 to -10 mV (in 10-mV increments) for 500 ms, before stepping the cells to 0 mV for 20 ms to measure the available current.
A 500 ms conditioning pulse was used as it allows all of the endogenous channels to transition to a fastinactivated state at all potentials assayed. To negate any possible effects of time-dependent shifts in the voltage-dependence of fast inactivation, comparisons were always made on data obtained 3 min after establishing whole-cell recording configuration from cells in the absence of drug with data recorded 3 min after establishing the whole-cell recording configuration from cells in the presence of LCM. Steady-state inactivation curves of Na + currents from EGFP and CRMP-2-EGFP overexpressing CAD cells were well fitted with a single Boltzmann function (R 2 > 0.9987 for both). The V 1/2 value for inactivation for control EGFP expressing CAD cells was -68.0 ± 0.7 mV (n=7), which was not different from CRMP-2-EGFP overexpressing CAD cells (-66.2 ± 1.3 mV; n=6; p > 0.05; see Fig. 6C, D) . No statistically significant shifts in the voltage-dependence of inactivation were observed in either condition in the presence of 100 µM LCM (V 1/2 : EGFP +LCM; Page | 7 -67.2 ± 0.5 mV, n=7; CRMP-2-EGFP +LCM, -69.5 ± 0.9 mV, n=5; p >0.5). The slopes (k) of the inactivation curves were also not affected by CRMP-2 over-expression or LCM treatment (see Fig. 6E , F; p > 0.5).
(R)-, but not (S)-, LCM affects the transition to a slow inactivated state of Na + currents in CRMP-2 over-expressing CAD cells.
LCM has been demonstrated to reduce VGSC availability by selectively enhancing the transition to a slowinactivated state of VGSCs (6;7). Since our data indicated that LCM can affect Na + currents (data not shown), we tested the ability of LCM to modulate transition to a slow-inactivated state in CRMP-2-EGFP overexpressing CAD cells. Transfected CAD cells were held at -80 mV, conditioned to potentials ranging from -120 mV to -20 mV (in +10 mV increments) for 5 s, and then fast-inactivated channels were allowed to recover for 150 ms at a hyperpolarized pulse to -120 mV, and the fraction of channels available was tested by a single depolarizing pulse, to 0 mV, for 15 ms ( Fig. 2A, inset) . Addition of 100 μM LCM to CRMP-2 expressing cells significantly decreases the fraction of current available compared to those in the absence of LCM.
For comparison, representative current traces at -50 mV are highlighted. This potential (-50 mV) was chosen because (1) a large fraction of channels are undergoing steady-state inactivation, which involves contributions from slow and fast inactivating pathways (35;36) wherein -50 is within the steep voltage-dependence range for each and (2) it is near the resting membrane potential (RMP) and approaching the action potential firing threshold for CNS neurons (37) , where slow inactivation appears to be physiologically relevant during prolonged subthreshold depolarizations (38) , and (3) changes in the Na + channel availability near -50 mV can impact the overlap of Na + current activating and inactivating under steady-state conditions (36;39) . Interestingly, the S-enantiomer of LCM did not reduce the available current (compare -50 mV traces in all families). The V 1/2 for steady-state slow inactivation, with a 5 sec conditioning pulse, was -77.4 ± 1.2 mV (n=8) in LCM-treated CRMP-2-EGFP expressing cells compared with -61.1 ± 0.8 mV (n=7) in LCM-treated EGFP expressing cells (p < 0.05; Student's t-test). At -50 mV, 0.35 ± 0.03% (n=8) (calculated as 1 minus the normalized I Na ) of the Na + current was available, suggesting a large fraction of the channels transitioned to a non-conducting (slowinactivated) state (Fig. 2C) .
These results demonstrate an enantioselective specific modification of LCM on slow inactivation.
To further investigate if CRMP-2 manipulation affected Na + channel slow inactivation, we next asked if knockdown of CRMP-2 using short interfering RNA (siRNA) against CRMP-2 (16;17) would affect LCM's mediated transition of Na + channels to a slow inactivation state. We confirmed efficient and specific knockdown of CRMP-2 using siRNA with a >90% reduction in CRMP-2 protein (Fig. 2D) . At -50 mV, 0.73 ± 0.05 (n=5) of the Na + current was available in CAD cells transfected with CRMP-2 siRNA compared with 0.39 ± 0.04 (n=5) in CAD cells transfected with scramble siRNA (Fig. 2C) .
Thus, CRMP-2 knockdown significantly reduces the fraction of channels present in a non-conducting (slow-inactivated) state by ~60% compared to those in CRMP-2 overexpressing CAD cells (i.e., 1 -0.73 or 27% vs. 1 -0.35 or 65%). Collectively, these results show that CRMP-2 manipulation impacts LCM's ability to modulate the fraction of Na + channels existing in a slow inactivated state.
Molecular docking reveals 5 pockets for LCM's interaction with CRMP-2.
Inferential data from preclinical reviews of LCM suggests that it may bind to CRMP-2 in a radioligand binding assay (8) . However, a site of interaction has never been identified. In light of our results demonstrating reduction of Na + channel inhibition by LCM in CAD cells transfected with CRMP-2 siRNA, we wanted to identify putative sites of LCM's interaction with CRMP-2. For this we turned to an in silico docking approach to identify potential binding sites that may sequester LCM making it more available and therefore more effective on Na + channels. A total of 100 docking runs were carried out over the entire surface of CRMP-2. The resulting binding mode of all 100 runs was visually analyzed. We found that LCM clustered at several binding pockets on the protein.
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Interaction energies for LCM bound to each of these cavities and the number of hydrogen bonds mediated by the drug are listed in Supplementary  Table S1 . The hydrogen bonds are illustrated in Fig. 3C . A total of 5 of these cavities showed more than one LCM bound (Fig. 3) .
Single alanine CRMP-2 mutants of putative LCM binding sites express well and are able to modulate dendritic complexity.
Using sitedirected mutagenesis, we generated single alanine mutations of one or two amino acids in each pocket as identified in our docking studies. The selection of residues for each mutation was made based on visual analysis of each pocket. Residues whose side chains lined the cavity were considered to be most likely critical for binding. Preference was given to residues whose side chains were exposed to solvent and were not critical to maintain the structural integrity of the protein. An alanine mutant of amino acid S421 in CRMP-2, not predicted to be within any of the pockets, was also generated (Fig. 3A, orange residue, asterisk) . All of these CRMP-2 mutants were individually transiently transfected into CAD cells, resulting in the expression of full-length EGFP-fused proteins in immunoblot analyses (Fig. 4A) .
To investigate if the mutant CRMP-2 proteins were substantially altered compared to wildtype CRMP-2, we measured the effects of these proteins on neuronal differentiation and dendritic complexity.
CRMP-2 is directly implicated in axon elongation and neuronal differentiation (12;40) . We compared the ability of the CRMP-2 mutants to increase dendritic complexity compared to wildtype CRMP-2 using Sholl analysis (41) . This technique measures the number of neurites crossing concentric circles (denoted as intersections or branch points) at various radial distances from the cell soma. This consecutive-circles (cumulative intersection) analysis specifies dendritic geometry, ramification richness, and dendritic branching patterns. Sholl analysis was performed with ImageJ using an automated Sholl analysis plugin, in which the soma boundary is approximated by an ellipsoid and dendrite intersections are assessed at radial distances from the soma (34) . Sholl analysis of neonatal cortical neurons (n=10-12 per condition), transfected with wildtype or CRMP-2 mutants (i.e., E230A, F301A, N393A, K418A, K480A, R481A, and S421A), at 3 DIV and analyzed at 5 DIV, revealed a significant increase in the number of processes compared to EGFP-transfected neurons. This increase reached a peak of ~20 crossings at about 75-100 µm from the soma in wildtype and all mutant CRMP-2-EGFP transfected neurons compared with EGFPexpressing neurons which reached a peak complexity of ~8 crossings (Fig. 4B) . A similar degree of increase in neuritic complexity was seen in wildtype CRMP-2-EGFP transfected neurons compared with mutant CRMP-2-EGFP-transfected neurons (Fig. 4C) , demonstrating that the CRMP-2 mutants were functionally unaffected, at least with respect to their ability to induce neurite outgrowth, by introduction of the individual alanine mutations.
Activation and fast inactivation properties of single alanine CRMP-2 mutants of putative LCM binding sites are not different from wildtype CRMP-2.
We next tested the effects of the CRMP-2 mutants on activation and fast inactivation. The CRMP-2 mutants did not alter the voltage-dependence of activation of sodium currents in CAD cells, compared to wildtype CRMP-2, either under control conditions or during exposure to LCM (Fig. 5) . Additionally, there were no changes in Na + current density in CAD cells transfected with any of the CRMP-2 mutants irrespective of LCM treatment (data not shown).
Steady-state fast inactivation curves of Na + currents from CAD cells overexpressing mutant CRMP-2-EGFP were fitted to a single Boltzmann function.
The V 1/2 values for inactivation for all mutant CRMP-2 proteins expressed in CAD cells were similar to wildtype CRMP-2 in the presence or absence of LCM (Fig.  6C, D) . The slopes (k) of the inactivation curves were also not affected by mutant CRMP-2 overexpression or LCM treatment (Fig. 6E, F) .
The CRMP-2 single alanine mutants reduce the LCM mediated effects on the ability of endogenous Na
+ channels to transition to a slow inactivated state. Having established that (1) Na + channel activation and fast inactivation properties were not affected by introduction of single alanine CRMP-2 Page | 9 mutants into CAD cells and (2) a large (~65%) fraction of the Na + current in CAD cells transfected with wildtype CRMP-2 is in a slow inactivated state in the presence of LCM, we next tested if the fraction of channels existing in the slow-inactivated state was altered in CAD cells overexpressing CRMP-2 mutants. For example, representative mutant (K480A) traces in the presence and absence of LCM display a conserved trend that LCM can still reduce the current elicited during the slow inactivation protocol. However, the fraction of Na + current available in CAD cells transfected with the single alanine mutants at -50 mV in the presence of LCM was increased by about 40-50% compared to wildtype CRMP-2 overexpressing CAD cells ( Fig. 7B ; # p<0.05 vs. wildtype CRMP-2). There was no difference in the fraction of channels available in the presence of drug between the 6 single alanine mutants (Fig.  7B, filled bars) . Notably, mutation of a CRMP-2 amino acid not predicted to be within any of the LCM binding pockets (i.e., S421A) did not change the fraction of Na + channels in a slow inactivated state compared with EGFP or wildtype CRMP-2-EGFP overexpressing CAD cells (Fig. 7B, hatched  bar, p>0 .05 vs. both). However, the fraction of Na + channels in a slow inactivated state in CAD cells overexpressing S421A CRMP-2 was significantly different from any of the other single alanine CRMP-2 mutants (p<0.05, ANOVA with Dunnett's post-hoc test). These results (1) suggest that mutating CRMP-2 can impact the efficacy of LCM on VGSCs, in particular reducing the ability of LCM to enhance the transition to a slow inactivated state and (2) identify key amino acids which can potentially coordinate binding of LCM, thus making it more available for action on Na + channels.
The CRMP-2 quintuplet alanine mutant further reduces the LCM mediated effects on the ability of endogenous Na
+ channels to transition to a slow inactivated state. To identify the cavity that serves as the most likely binding site to LCM, we ranked the CRMP-2-LCM complexes using the Glide energy score (Schrodinger, Inc), which approximates the binding affinity of the ligand to the complex. The Glide score was obtained by redocking LCM to the 5 aforementioned sites using the Glide docking program (42) . As shown in Fig.   8 , the best score (-6.1 kcal/mol) was found to correspond at the site located near Lys 418. The other scores ranged from -4.9 kcal/mol to -3.8 kcal/mol. The phenyl ring of LCM is ensconced into a cavity delineated by Glu 360, Ser 363, Ile 420, and Pro 443 (Fig. 8A, box) . A lysine residue (Lys 418) that is located outside the cavity forms a hydrogen-bonding interaction with the carbonyl oxygen of the amide bond within lacosamide. Another hydrogen bond is seen between the amide nitrogen of LCM and a glutamic acid (Glu 359) in the binding site.
Therefore, we created a quintuplet CRMP-2 mutant harboring alanine mutations at amino acids E360A, S363A, K418A, I420A, and P443A (designated 5A mut) to test the possibility that this mutant may contribute significantly to the LCM mediated transition to a slow inactivation state observed in Na + channels. We verified that this mutant expressed normally (Fig. 8B ) and was functionally similar to wildtype CRMP-2 in the dendritic complexity assay (data not shown).
Next, we examined activation and fast inactivation properties of Na + channels in CAD cells expressing the 5A mutant. The V 1/2 of activation and k values were similar irrespective of drug treatment (Fig. 8E) and were not significantly different values obtained from CAD cells overexpressing wildtype CRMP-2 or any of the single alanine mutants of CRMP-2. Similarly, we observed no differences in V 1/2 or k values of fast inactivation of Na + currents from cells overexpressing the 5A mutant irrespective of drug treatment (Fig. 8F) .
Finally, to test the hypothesis that the mutated residues in CRMP-2 can modify the LCM induced transition to a slow-inactivated state of Na + channels, we measured slow inactivation using the same protocol as described earlier (see Fig. 2A, inset) . The slow inactivation curve for CAD cells expressing the 5A mut, in the presence of LCM, was significantly right shifted compared to wildtype CRMP-2 and the single alanine mutants. For comparison, the slow inactivation versus voltage curve for the single alanine mutant E230A is plotted along with the curve for the 5A mut (Fig. 8D ). This illustrates a marked reduction in current available in the presence of drug for the Page | 10 5A mut. At -50 mV, a voltage at which a large fraction of the channels are transitioning to an inactivated state, the fraction of current available in the presence of LCM is: 0.67 ± 0.02 (n=7) for E230A versus 0.81 ± 0.02 (n=8) (p<0.05) for the 5A mutant. This indicates that at -50 mV, ~33% of the channels are inactivated/non-conducting in CAD cells expressing E230A, compared with ~19% in cells expressing the 5A mut and ~65% in cells expressing wildtype CRMP-2.
Collectively, these results suggest that amino acids E360, S363, K418, I420, and P443 may form a binding pocket for LCM's interaction and that destruction of this pocket affects the slow inactivation state of Na + channels during LCM application.
DISCUSSION
In this study we investigated how CRMP-2, a recently identified target of LCM's action (9), affects LCM's modulation of its primary clinical target -the voltage-gated Na + channels. Fast inactivation was unaffected by LCM treatment. Enhancement of the entry of Na + channels into a slow-inactivated state, a distinguishing feature of this drug, was increased by CRMP-2 overexpression. Molecular modeling revealed five pockets capable of binding LCM. Mutations of single amino acids within these pockets resulted in attenuation of LCM-induced enhancement of slow inactivation without any effects on activation or fast inactivation. A quintuplet alanine mutant of a putative high affinity cavity with CRMP-2 had the greatest effect on LCM-induced shift in slow inactivation of Na + channels, identifying this pocket as an important modifier of LCM's main effect.
CRMP-2 is a bona fide target of LCM.
While inferential reviews have suggested a high affinity binding site for LCM on CRMP-2 (8), a site of interaction has not been identified. Using a chemical proteomics approach, we recently reported CRMP-2 interactions with AB&CR-LCM in mouse brain lysates as well as with recombinant CRMP-2 (9). CRMP-2 labeling was confirmed with differential stable isotope labeling followed by LC-MS/MS, revealing a selective ~80% increase in relative levels of CRMP-2 by (R)-, but not (S)-LCM (9) . In this study, we have extended these earlier findings by demonstrating labeling of CRMP-2 in rat brain soluble lysates. In addition, we also show that an isothiocynate affinity bait version of LCM can be competitively displaced from CRMP-2 by addition of increasing amounts of unlabeled LCM.
Importantly, even a considerably high amount (~25 mM) of LCM reduced CRMP-2 labeling by only ~50%, suggesting that CRMP-2 does not bind with a high affinity to LCM. A binding affinity for LCM could not be calculated from these experiments due to (1) issues with LCM solubility at higher concentrations and (2) labeling of bands other than CRMP-2 at higher concentrations of LCM. Despite these limitations, our results show that CRMP-2 is a bona fide target of LCM.
CRMP-2 increases extent of enantiospecific modification of slow-inactivated state of Na
+ channels. It has been previously shown that LCM selectively enhances sodium channel slow inactivation in a time-and voltage-dependent manner without affecting fast inactivation (6) . LCM shifted the slow inactivation voltage curve to more hyperpolarized potentials and enhanced the maximal fraction of channels that were transitioning to a slow inactivated state. The slow inactivation process by lacosamide was stereoselective, with only the (R)-stereoisomer being active. Our results confirm these earlier findings of a LCM-induced shift in the fraction of Na + channels transitioning to a slow inactivated state (Fig. 3) . However, LCM induced an ~16 mV shift in the hyperpolarizing direction in CAD cells expressing CRMP-2 compared to those expressing EGFP control. At -50 mV, a physiologically relevant potential at which most of the channels are undergoing steady-state inactivation, 35 ± 0.3% (n=8) of the Na + current was available in CRMP-2 expressing CAD cells versus 52 ± 0.4% (n=6) in EGFP expressing cells (p < 0.05; Student's t-test). Consistent with this, siRNA that reduced CRMP-2 expression significantly reduced the enhancement of sodium channel slowinactivation by LCM. These results show that CRMP-2 levels modulate the ability of LCM to transition sodium channels to a non-conducting (slow-inactivated) (Fig. 2C) .
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The CRMP-2 dependent changes in slow inactivation properties of Na + channels suggest that LCM-target protein interactions may have disease modifying effects. It is also plausible that interactions between Na + channels and CRMP-2 may directly affect lacosamide's effects on both proteins.
We tested for this possibility by examining putative interactions between Na + channels and CRMP-2 in co-immunoprecipitation experiments. As shown in Supplemental Fig. S2 , no binding was observed in rat brain synaptosomes between the two proteins in the absence or presence of (R)-or (S)-LCM. Similar results were obtained in co-immunoprecipitations from CAD cells expressing CRMP-2 (data not shown). While these results do not address if the proteins can bind directly, they show that Na + channels do not exist in a complex with CRMP-2. Nevertheless, since LCM can (1) bind to CRMP-2 and (2) affect the fraction of Na + channels in a slow inactivated state, it was important to investigate how CRMP-2 modulates Na + channel voltage-sensitive properties.
Molecular docking identifies binding pockets for LCM on CRMP-2.
In order to identify putative LCM binding residues in CRMP-2 that may account for changes to the slow inactivated state of Na + channels a molecular docking strategy was adopted.
Following the iterative molecular docking of LCM on CRMP-2, a total of 22 amino acids within 5 pockets were identified with more than one LCM bound. This approach has the advantage of selectively predicting, albeit in silico, binding sites capable of coordinating LCM. A limitation of this docking approach is that it does not take into account interactions of CRMP-2 with other proteins or interactions of LCM with other targets, which could lead to identification of CRMP-2 sites that might normally not be accessible or occupied by other targets.
Electrophysiological characterizations of alanine mutants of putative LCM binding sites alters the effect of LCM on Na
+ channels. Guided by molecular docking and structure-based alignments, we first mutated positive charged or bulky aromatic residues to alanine. Because addition of LCM to CAD cells expressing wildtype CRMP-2 enhances the fraction of Na + channels transitioning to a slow inactivated state, we predicted that mutations in LCM binding pockets would alter the proportion of Na + channels entering the slow inactivated state. Indeed, our results demonstrated marked reduction in the enhancement of slowinactivation at -50 mV (Fig. 7) . But how do mutations in CRMP-2 alter slow inactivation properties of Na + channels? One possibility is that the individual alanine mutations paradoxically increase binding of LCM to CRMP-2. If the LCM binding site(s) on CRMP-2 is/are rigid and are dependent on the "state/conformation" of CRMP-2, then the native interaction may occur at a relatively restricted rate when a pool of LCM is present. Upon perturbation of the binding sites (with alanine scanning at important coordinating sites within different pockets), LCM may more readily and easily find a stable binding pocket on CRMP-2, reducing the amount of LCM available to modulate slow-inactivation of Na + channels. Interestingly, the 5A mutant had the greatest effect on reducing the enhancement of slow-inactivation by LCM. These data indicate that the CRMP-2 and its interaction with LCM plays an important role in modulating the enhancement of Na + current slow-inactivation by LCM.
CRMP-2: a novel modulator of slow inactivation in VGSCs?
Slow inactivation is a distinct inactivation process from fast inactivation. Slow enhancement can play an important role in regulating neuronal excitability by modulating sodium channel availability. Although the exact mechanism underlying slow inactivation is still unknown (43;44) , it is likely to involve conformational changes of the channel including a rearrangement of the pore, domains II or IV (39;44). Slow inactivation can be modulated by cellular factors and/or accessory subunits. For example, beta1 subunit expression impedes slowinactivation of Nav1.4 channels (45) and secondmessenger induced reductions in sodium channel availability seem to involve enhancement of a process that is indistinguishable from slow inactivation (46) . The specific mechanism by which CRMP-2 and LCM modulate slow inactivation of sodium channels may be complex.
It was recently demonstrated that increased microtubule (i.e., tubulin)
Page | 12 polymerization, caused by the anticancer drug taxol, can reduce the fraction of cardiac Na + channels that are slow inactivated (47) . Since CRMP-2 has been shown to play a key role in cytoskeletal dynamics in growing axons (40;48;49) by binding to tubulin dimers and enhancing microtubule formation (49;50), an intriguing possibility is that LCM targets the CRMP-2-tubulin interaction. We tested for this possibility by performing coimmunoprecipitations with β-tubulin and CRMP-2 antibodies from synaptosomes and cytosolic fractions treated with 100 μM LCM (Supplemental Fig. S3A ). There was an increase in both the phosphorylated and non-phosphorylated forms of CRMP-2 that were captured by the β-tubulin antibody in synaptosomes treated with LCM. Neither the low speed supernatant (S1) nor the high speed (S2) supernatant cytosolic fractions had any differences in the amount of coimmunoprecipitable CRMP-2. Similar results were observed in pulldown experiments with recombinant CRMP-2-GST protein (Supplemental Fig. S3B ). While these results support the notion that LCM increases tubulin binding to CRMP-2 which brings about cytoskeletal changes leading to a reduction in the fraction of Na + channels in a slow inactivated state, they do not address if the increased association between tubulin and CRMP-2 is due to effects of LCM on CRMP-2 phosphorylation status or on tubulin itself. In light of a recent report demonstrating CRMP-2's ability to act as a GTPase activating protein (GAP) for tubulin (51) , it is possible that LCM may target CRMP-2's GAP activity to change Na + channel slow inactivation.
However, as the tubulin polymerization activity of CRMP-2 is believed to be determined by two distinct domains within CRMP-2 (49;51) as well as an autoinhibitory region within CRMP-2's N-terminus, further studies are needed to examine if, and through which domain(s), LCM may act.
Although our data indicate that CRMP-2 levels can substantially alter the ability of LCM to modulate sodium channel activity, this modulation may be dependent on the isoform of Na + channel expressed. Isoforms Nav1.1, 1.2, 1.3, 1.6 and 1.7 have been reported to be expressed in embryonic hippocampal neurons at 3 DIV (52) .
We previously demonstrated differential effects of LCM on heterologously expressed Nav1.3, Nav1.7 and Nav1.8 channels (7). For example, there was 25-fold difference in IC 50 values for inhibition by LCM following prolonged depolarization of Nav1.3 and Nav1.8 channels (7). While we did not address the isoform(s) targeted by LCM in CAD cells, it is likely to be Nav1.1, 1.2 or 1.3 as these channels have been reported to be expressed in these cells (53) . Future studies are needed to examine the details of how CRMP-2 levels modulate LCM's effects on specific sodium channel isoforms.
Collectively, the findings reported here indicate that the function of LCM is unique. While initial pharmacological evidence has been presented on LCM function, the full mechanism of action of this drug remains elusive. Identifying the molecular determinants of LCM's inhibition of sodium channels and the consequences of LCM-CRMP-2 interactions should aid in the development of novel therapeutics. 1 The abbreviations and trivial name used are: 5A mut, CRMP-2 mutant with 5 amino acid mutations to alanine; AB, affinity bait; CAD, catecholamine A differentiated; CR, chemical reporter; CRMP-2, collapsin response mediator protein; DIV, days in vitro; EGFP, enhanced green fluorescent protein; LCM, lacosamide; VGSC, voltage-gated sodium channel; LCM, R-enantiomer of LCM. (41), which measures the number of neurites crossing concentric circles (intersections or branch points) at various radial distances from the cell soma. Sholl analysis of low-density cultures of cortical neurons (n=10-12 per condition) transfected at 3 DIV (and grown for 48h) revealed a significant increase in the number of processes, reaching a peak of ~20 crossings at about 75-100 µm from the soma in wildtype and mutant CRMP-2-EGFP transfected cells compared to EGFP transfected cells which reached a peak crossing of 8. C. Summary of the average peak dendritic complexity for EGFP, wildtype CRMP-2EGFP and mutant CRMP-2-EGFP transfected cortical neurons. A significant increase in neuritic complexity was seen in wildtype and all mutant CRMP-2-EGFP compared to EGFP expressing (*, p <0.05 vs. EGFP at each distance between ~60 and 120 µm; Student's t-test). 
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